Introduction
The increasing popularity of the domestic cat (Felis catus) as a household pet has unknowingly fostered the distribution of potential crime scene evidence across millions of households. Cat fur obtained from a crime scene has the potential to link perpetrators, accomplices, witnesses, and victims. Cats are fastidious groomers, and shed fur can have sufficient genetic material for trace forensic studies [1] [2] [3] [4] [5] , allowing potential analysis of both standard short tandem repeat (STR) profiles and mtDNA regions. The first DNA analysis of cat fur in a criminal investigation occurred in 1996 in a Canadian murder case, Beamish vs. Her Majesty's Court, P.E.I. [3] . Investigators linked the perpetrator to the crime scene by STR identification of a single cat hair found in the pocket of a discarded jacket. Despite this early success, cat fur has had limited use as evidence in forensic applications. This may result from the limited value of shed epithelial cells with respect to the successful typing of nuclear markers. While not as informative in discriminating individuals as microsatellite-based panels, the higher copy number of mtDNA in trace biological evidence and greater stability renders mtDNA a desirable tool for hair forensic analysis [6] .
Studies of DNA variation in diverse and worldwide populations support the selection of standardized markers and typing systems for the forensic community. Several data sets and microsatellitebased DNA marker panels have been developed for the cat [4, [7] [8] [9] , but similar data sets for mtDNA are still lacking. The complete DNA sequence of cat mtDNA is published and accessible in GenBank (accession no. U20753) [10] . Several studies have evaluated Forensic Science International: Genetics 5 (2011) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] mtDNA genes to identify felid species-specific markers [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , however, less is known about individual domestic cat variation at the mtDNA level. Mitochondrial DNA has been investigated from an evolutionary point of view, including the analysis of many mtDNA gene polymorphisms [12, 13, 23, 24] , however, regions of analysis are not consistent between studies and the regions previously examined are sometimes difficult to apply to forensic science.
In respect to individual identification in forensic applications, 167 cats (purebred = 86, random bred = 81) across 945-1105 bases of the mtDNA control region (CR) (reference sequence U20753: 16287-475) have been analyzed [2] . The described size differences in this region resulted from a tandem repeat, which was subject to a high degree of heteroplasmy. However, the sequence data from these cats are not currently available in a public database. A Japanese research team evaluated the genetic diversity of both the Cytochrome b gene and a 350 base pair (bp) fragment of the mtDNA CR (ref seq positions 16315-16664) in domestic cats from Japan [25] . A random sampling of 50 individuals from the Tsushima Islands was evaluated and 10 mitotypes were identified. Polymorphic sites were 2.4 times greater and sequence differences were 1.8 times greater for the CR than Cytochrome b [25] . This sampling is currently the only publicly available data set for the CR of the domestic cat.
Recently, an analysis of a 402 bp region of the domestic cat mtDNA CR in 174 random bred cats from the United States further demonstrated that this mtDNA segment could be useful for forensic applications [26] , however mtDNA mitotypes and mitotype distributions from extensive geographical locations, within the United States and in foreign countries, were not determined. The mtDNA CR sequence from the USA study overlaps with the data of previous work [2] , although the amplified sequence omits the tandem repeat section in order to reduce concerns of heteroplasmy. In the current study, a reference database for the feline mtDNA CR is further developed. This database of feline mtDNA CR incorporates 1394 cats, including the sequences generated by both previous studies and an additional 1219 cats obtained from discrete populations from sites throughout the world. This work also includes previous breed data and expands both the number of individuals per breed as well as the number of breeds evaluated (N = 26). The goal of this study is to present a mtDNA CR database and document the nucleotide variation that define the universal mitotypes of domestic cats from the United States and abroad.
Materials and methods

Populations and sample collection
This study extends 174 cat mtDNA CR sequences previously published [26] with an additional 1219 cats (Tables 1 and 2) , generating a database of 1394 samples, consisting of 1027 random bred cats, 364 cats representing fancy breeds and three control samples/sequences. A subset of the cats (Southern California) was discussed previously [2] . Random bred samples were collected from 17 distinct geographic locations for an STR study [27] , 15 locations are represented in this sample set (for the current study the Kenyan samples were divided into a mainland population-Kenya and island population-Lamu/Pate, and Egyptian samples were collected from three additional regionsAssuit, Luxor and Abu Simbel-but maintained as one population). Additionally, samples from four USA populations (Orange County, CA, Davis, CA, Alachua County, FL and Clay County, MO), one Eastern Mediterranean location (Lebanon), two sites along the Indian Ocean trade route (India and Dubai) and two sites in the Middle East (Iran and Iraq) were added. Breed samples were collected from cat shows at locations across the United States or were submitted by owners. Two PCR positive controls included a commercial cell line, CCL-94 (ATCC, Manassas, VA) and a laboratory control cat, Fcat-4406.
Feline samples for DNA isolation were collected by various techniques including, EDTA anti-coagulated whole blood via venipuncture, gonadal tissues collected during routine castrations and hysterectomies, and buccal samples obtained with cytological brushes or cotton swabs. DNA was isolated from tissues, peripheral white blood cells, and buccal swabs using the Qiagen DNeasy Tissue extraction kit following manufacturer's specifications (Qiagen Inc., Valencia CA). The relatedness of the random bred cats is unknown. However, during collection, only one individual from an obvious litter was sampled. Breed assignments of six Siamese, three Persian, one Maine Coon, and one Manx were reported by owners and not supported by pedigrees. Breed cats with available pedigrees (90.5%) had no grandparents in common.
mtDNA CR amplification and analyses
The partial CR (positions 16814-206) from the published full mtDNA genome of the cat (GenBank accession no. U20753) was analyzed by direct sequencing. Mitochondrial DNA sequences were generated in three laboratories: QuestGen Forensics, the UC Davis Veterinary Genetics Laboratory Forensic Unit, and the UC Davis Lyons' Feline Genetics Research Laboratory.
The domestic cat mtDNA CR was amplified using PCR primers JHmtF3-gatagtgcttaatcgtgc and JHmtR3-gtcctgtggaacaatagg, which correspond with the published feline mtDNA CR sequence (GenBank no. U20753 and NC_001700) to bp 16760-16776 and bp 240-223, respectively. The 3 0 nucleotide of the reverse primer is different from the published sequence, which is an adenine. These primers amplify a 492 bp region, including the primers. The mtDNA CR was amplified from extracted total DNA. Each 30 mL reaction contained 2-30 ng (5 mL) of DNA, 2.0 mM MgCl2, 1Â PCR buffer (Denville, Saint-Laurent, Canada) with 0.05% bovine serum albumin, 1.25 mM dNTPs (Denville, Saint-Laurent, Canada), 0.2 mM of each primer (Operon, Huntsville, AL) and 1 unit of Taq polymerase (Abgene, Rochester, New York). Each reaction was amplified under the following cycling conditions in a MJ Research DNA engine (MJ Research, Waltham, MA): 94 8C for 3 min initial denaturation, followed by 35 cycles of 45 s at 94 8C, 30 s at 58 8C and 45 s at 72 8C. The PCR cycling was followed by a final extension for 10 min at 72 8C. PCR products were stored at 4 8C. PCR amplification products, 5 mL, were size separated for 1 h at 95 V on 2% TAE agarose gels. Products were photo-documented on an Alpha imager (Alpha Innotek Corp., San Leandro, CA). Products were prepared for sequencing using ExoSap-IT exonuclease cleanup (USB, Cleveland, OH) according to the manufacturer's specifications.
Purified PCR product was used for sequencing reaction according to the manufacturer's specifications. Each reaction contained 50 ng of amplified DNA, 1Â sequencing buffer, 1 mL of BigDye v3.1 (Applied Biosystems, Foster City, CA) and 0.4 mM of either the forward or reverse amplification primer in a 15 mL reaction. Each reaction was amplified on a GeneAmp PCR system 9700 DNA according to the manufacturers specifications with cycles increased from 30 to 40. Unincorporated, labeled nucleotide, were removed from the reaction using Sephadex G-50 (Sigma-Aldrich, St. Louis, MO) in a 96-well plate. Sequencing product, approximately 12 mL, was combined with 10 ml of Hi-DI formamide (Applied Biosystems, Foster City, CA) and denatured for 3 min at 95 8C. Products were separated on an ABI 3730 DNA Analyzer.
Sequences were aligned using Sequencher 4.1 TM software (Gene Codes Corporation, Ann Arbor, MI). Sequencing data were Table 1 Mitotype distribution among random bred cats. Table 2 Mitotype distribution among fancy breed cats. Mitotype defining sites are provided based upon the first published mt sequence [10] and the Sylvester reference sequence [26] . For the SRS, both the sequence position and occupying nucleotide are indicated. OL indicates outlier groups 1, 2 and 3. assembled into contigs and consensus sequences were generated. Sequences were aligned using the Megalign component of Lasergene (DNAStar, Madison, WI) and variable nucleotide positions were identified. Once nucleotide variants were identified in all the sequences, a minimal-variation, majority-rule consensus sequence was constructed from the most common mitotypes and termed the ''Sylvester'' reference sequence (SRS) (Supplemental Figure S1 ) [26] . All mtDNA mitotypes were then defined by their variant sites relative to this sequence so that the minimal number of variants would need to be recorded to describe all identified mitotypes.
The random match probability (RMP) was calculated according to Stoneking et al. [28] . The exclusion probability of the feline mtDNA CR mitotype was calculated as 1 À RMP. The individual populations were combined into six major population groups based on geography. Population data was calculated for the breeds with greatest representation. For the six population groups and seven major breeds, the mean number of uncorrected pairwise differences and nucleotide diversities within and between populations was calculated in ARLEQUIN version 3.1 [29] following standard procedures [30, 31] . The analysis of molecular variance (AMOVA) program in ARLEQUIN was used to estimate the degree of variation within each population and the degree of differentiation between all six populations. The program NETWORK 4.5 (Fluxus Technology Ltd., Clare, Suffolk, UK) was used to create a phylogenetic network of the universal mitotypes and associated mitogroup subtypes, which incorporates all possible shortest, least complex maximum parsimony phylogenetic trees from the data set [32] .
Results
Mitotype generation
A 492 bp product was trimmed to 402 bp (ref seq positions 16814-206) for sequence analysis to maintain full-length, double-stranded, high-quality sequence data across all samples. The assembled data set includes 1394 samples representing 25 populations (Table 1), 26 breeds (Table 2) , one PCR positive control sample and cell line CCL-94. The mitotype distributions are found in Tables 1 and 2 . Heteroplasmies (samples that appeared to have one or more polymorphic nucleotide sites in the sequence) were observed in 10 of 1394 samples (0.76%) and are denoted using standard IUPAC nomenclature in the tables. Sequence variants of the mitotypes were compared to the SRS and are presented in Table 3 . The mitotypes established by Tarditi et al. [26] have been correlated and are consistent with this data. Twelve distinct, major mitotypes, with representative samples >0.7% of the total 1394 samples are designated A-L and are considered ''universal types'' (UT). These sequences have been submitted to GenBank (accession nos. EU864495-EU864506). An additional 30 subtypes were also identified; none represented greater than 0.75% of the total sample set. These rare mitotypes were placed into a mitogroup based upon shared derived characters according to phylogenetic placement protocols [33] . A median joining network tree depicts the relationship of each mitotype (Fig. 1) . Three additional mitotypes were identified that could neither be placed into a mitogroup nor occurred at significant frequency to warrant major mitotype designation. These sample groups are considered outliers (OL) and are identified by columns OL1-3 in Tables 1 and 2 and Fig. 2 . Unique mitotypes (N = 104, 7.5%), which are found in only one individual in this data set, are identified in column U. Considering all breeds and populations, 149 mitotypes were identified (Supplemental Figure S2 ).
Worldwide feline population genetics
The mtDNA CR mitotypes, including unique mitotypes, averaged 98.4% similarity among the cats, ranging from 93.0% to 99.8%. The most distinctive mitotype had 16 nucleotide differences. These were derived from the Texas sample set designated mitotype OL2 ( Table 2 ). The genetic diversity measure for the entire population was 0.8813 AE 0.0046 with a random match probability of 11.9%. The frequency of each mitotype in the random bred populations is presented in Fig. 2 When evaluated according to taxonomic units based upon origin and breed [27] , mitotype frequency distribution shows regional associations (Tables 1 and 2 and Fig. 2 ). For example, mitotype B is the major mitotype for random bred cats in the USA, representing 28.4% of the population, but is minor in the Eastern Mediterranean, representing only 2.8% of the population, and absent in the Iraqi and Iranian sample sets. Similarly, mitotype J is absent in the USA, Europe, along the Indian Ocean trade route and East Asian samples, but found at a low frequency in the Eastern Mediterranean and the Middle East. Almost 46% of the cats representing the population from Iran/Iraq are mitotype D, which is nearly 20% greater than any other population for this mitotype. Interestingly, the proportion of the European and East Asian samples with unique mitotypes is 3-to 8-fold greater than in the USA, Eastern Mediterranean, along the Indian Ocean trade route and Iran/Iraq populations.
Nucleotide diversity (p) ranged from 4.39 AE 2.2 in the Indian Ocean trade route population to 8.56 AE 4.0 in the European population (Supplemental Table S1 ). The greatest number of observed pairwise differences was found in the USA population with 32. The total observed nucleotide diversity for all six random bred populations was 5.55 AE 2.7.
United States feline population genetics
Mitotypes A-C accounted for approximately 60-78% of all cats in each USA population. All USA sample sets contained the four most common mitotypes, except Missouri where mitotype D is absent. Together, mitotypes A-D comprised 73.0% of the US population. The major mitotype for each US population was type B. Subtype A1a is exclusively found in the Hawaiian island population. Non-assigned group OL2 is restricted to the Texas population. Approximately 4.9% of the cat population in the USA had unique mitotypes, ranging from 7.5% in the largest population to 0% in the Southern California and Texas sample sets (Table 1) .
Fancy cat breed population genetics
With respect to breeds, 22 of 26 breeds had mitotype A. Mitotypes A-C accounted for 59.7% of all types. Two breeds had only one of the 12 universal mitotypes, Siberians with mitotype A and Turkish Vans with mitotype D. Unique mitotypes comprised 9.7% of the breed mitotypes and were found in all but five breeds. The greatest number of universal mitotypes identified in any one breed was the six mitotypes, A-D, G, and I in Persians. The greatest number of types, nine, was found in Birmans despite 60.9% of the samples for this breed having mitotype A. For breeds, 64% (16 of 25 breeds with the Havana Brown breed excluded) had a single type in excess of 40%. For the random bred cats, only 33.3% of the sites (eight sites out of 24 with Lebanon excluded) had a single mitotype comprising at least 40% of the types. The non-assigned group OL1 is comprised solely of fancy breed cats. Mitotype C2 is restricted to four Maine Coon cats, the only example of a mitotype being restricted to a single breed.
Nucleotide diversity of seven breeds representing different hypothetical geographic origins ranged from 2.52 AE 1.4 in the Turkish Vans to 5.76 AE 2.9 in the Siamese (Supplemental Table S1 ). Maximum observed pairwise differences ranged from 11 to 34, respectively. Nucleotide diversity for all breeds averaged 5.62 AE 2.7. 
Discussion
The forensic community often debates which data sets are valid for genetic comparisons and for determining the significance of a DNA match. Human populations and races and breeds of domesticated animals can be clearly genetically defined with molecular and DNA markers, suggesting sub-structure. However, genetic markers that have common frequencies in all populations can alleviate this concern for finding the appropriate data set to determine match probabilities. Mitochondrial DNA is expected to have less discriminatory power than nuclear markers due to its maternal inheritance and lack of recombination [34] . Although mtDNA has a high mutation rate, regions with too much genetic variation can lead to heteroplasmy that complicates forensic interpretations [35, 36] , especially in tissue types, such as hair, which have a high mitotic index [37, 38] . Thus, a mtDNA region with a balance of variation, high for discrimination of an individual, but low to minimize heteroplasmy, needs to be defined in each species. The region analyzed in this study excludes the two highly repetitive regions in the mtDNA that show extensive heteroplasmy [2, 12, 24] and this study and our own recent work suggests that the region has low heteroplasmy [26] (unpublished data Huang et al., submitted for publication).
Assessment of human mtDNA mitotypes has focused on hypervariable regions I and II. These regions demonstrate a high degree of genetic variability coupled with low match probabilities. Likewise in cats, a 402 bp segment of the cat mtDNA CR has shown to have strong discriminatory power and low heteroplasmy [2, 26] . To date, statistical support for the cat mtDNA CR as a forensic tool has been limited to the work of Halverson and Basten [2] . This study has extended the initial investigations of the same mtDNA region with additional USA populations, 25 worldwide populations, and 364 cats representing 26 USA breeds.
The 402 bp sequenced region from worldwide sampling of nearly 1400 domestic cats reveals 12 universal mitotypes that have a frequency of >1% of the combined population set. However, most of the 12 mitotypes can be collapsed into two major mitotypes, mitotypes A and D, as B, C, F, G, J, K and L have only three or fewer mutations in difference. Mitotypes E, H, and I remain distinct, as do the rare outlier mitotypes OL1-3, resulting in eight distinct cat mitotypes throughout the world. Mitotype K appears to have derived in the USA from mitotype A, while mitotype J is limited to the Eastern Mediterranean, derived from mitotype D. An interesting comparison would be evaluating the CR of the five major mtDNA types identified in the domestication study of the cat to the five major types identified in this study [23] .
To effectively define the universal mitotypes within a geographic location, excessive sequencing efforts may not be required. For example, the Egyptian and the Northern California, data sets were able to identify eleven or more of the twelve universal types with sample sizes of 130 and 133, respectively. The 100 samples of the New York data set failed to identify mitotype F, a mitotype found in all other reasonably sampled United States populations, however, 10 major mitotypes were found. Similarly, the Southern California population had 99 representative samples and identified nine major mitotypes. Estimates of the required sample sizes for human populations are similar. Interestingly, the most common western (USA and Europe) mitotype B is not found in several Middle Eastern countries but is present in India, China and Southeast Asian. Thus, when evaluating population structure in both forensic and evolution studies, the extent of historical and recent migration patterns needs to be considered. In addition, some missing mitotypes may be due to a sampling bias if broad areas for a given region are not considered.
The proportion of unique mitotypes within a population was generally less than 10%, except for the two European populations of Germany and Italy, where over 50% of cats had unique mitotypes. The two regions also had less than 25 sampled individuals. Thus, the ''unique'' mitotypes may actually represent universal mitotypes or subtypes that have not yet had sufficient sampling to identify additional samples with the same type. The within European pairwise differences was significantly higher (8.56 AE 4.0) than any other within or between group comparison except the Europe-East Asia comparison. This data supports previous STR studies that suggest European and Southeast Asia cats are fairly distinct [27] . Hence, a more extensive survey of European mtDNA domestic cat structuring seems warranted.
Purebred cats were undifferentiated with respect to mitotypes. None formed monophyletic groups nor were they restricted to a single mitotype although a subset of Maine Coon cats do possess a distinguishing mitotype (16820C in the C mitogroup). Some were representative of their hypothetical country of origin; Korat (Thailand), Birman (Burma), Siamese (Thailand) and Turkish Van (Turkey), while others were not, such as the Turkish Angora (Turkey). Overall, the mtDNA correlates breeds to their geographical origins, but the mitotypes are not sufficiently distinct to define a breed or population.
The presented data set includes mtDNA CR data from 1394 individual cats. The mtDNA region examined by Japanese researchers [25] was avoided due to concerns regarding inclusion of a repetitive sequence at the 3 0 area that is polymorphic but difficult to sequence in forensic samples [2] . However, comparisons between the current study and the Japanese study yielded similar results. The 1394 samples in this study have a genetic diversity value of 0.8813 AE 0.0046 compared to 0.8767 AE 0.0277 for the Japanese feline sample set. The random match probability was 12.0% compared to 14.1% for the Japanese samples. The similarity of both the genetic diversity values and the random match probabilities suggests that the regions are comparable in forensic applications and both regions could be useful if sufficient DNA is available for analysis.
The cat mtDNA CR examined in this study also has comparable power to a similar study in the dog [39] . Persians, which represent >50% of fancy breed cats in the USA, have a diversity value of 0.8456 with an RMP of 20.4%. Increasing sample size may reduce the random match probabilities. In the small sample set from a human Japanese population (N = 50), genetic diversity of 0.973 and random match probability of 4.6% [40] was determined. Diversity values increased minimally, ranging from 0.996 to 0.998 with increasing sample sizes. Correspondingly, random match probabilities decreased from 2.2% to 0.6% [41] . Across the cat breeds, heterozygosity approaches 0.880 with a random match probability of 13%. Since unique alleles are in low frequency in any given cat population, increasing sample numbers will not necessarily result in increased diversity values or decreased RMPs. More likely, heterozygosity values will decrease as common allele numbers increase with efforts to identify unique mitotypes within a single population. Caution should be noted with cat populations however, as they may not disperse as readily as other species, and parent offspring relationships may be common in a given area, thus, we reinforce that mtDNA data be used primarily as an exclusionary tool (Table 4) .
Differences between human, canine, and feline genetic diversities and random match probabilities are a reflection of the historical age of each group. Human mtDNA mitotypes have been diverging for greater than 150,000 years [42] with Eurasians diverging from a single population 60,000-80,000 years ago [43] . Although domestic dog progenitors may have diverged from their wolf ancestors as long as 100,000 years ago [44] , dog domestication and subsequent mitochondrial mitotype proliferation has been more recent. Mitochondrial data suggest all dogs originated from three females in China roughly 15,000 years before present [45] , and the accumulation of mutations has accelerated with a relaxation of selective constraints has been suggested as well [46] . Also, extensive selection for breeds has occurred within the last 200 years and currently there are an estimated 400+ breeds recognized by various worldwide kennel clubs [47] .
Cat domestication is more recent than for most animal breeds. Archeological evidence suggests cats were in direct contact with humans as early as 9500 years ago [48] . From a pragmatic perspective, this is the logical consequence of the domestication of grains occurring in the same time interval [49, 50] . The archeological evidence is supported by mtDNA studies that suggest five mitochondrial lineages were present roughly 9000 years before present and from these five lineages all contemporary mitotypes have been derived [23] . However, as domestication is subjective, especially with respect to cats, the intentional breeding of cats may not have occurred until as late as the 19th century B.C., during the 12th Egyptian dynasty [51] . Breed proliferation has occurred within the last 100 years with most breeds originating within the last 50 years. Moreover, several cat ''breeds'' are merely coat color or length variants of the different breeds, fostering the exchange of mitochondrial mitotypes across breeds. The relatively short timespan of domestic cat expansion and corresponding mitochondrial mitotype divergence addresses the issue of decreased genetic diversity values compared to humans and dogs. However, it also may prove advantageous as the extensive sampling required to resolve sub-structuring in human populations may prove unnecessary in the domestic cat. The robust sampling of cats from USA indicates little sub-structuring between the populations, all populations having the most common mitotypes and similar frequencies of unique mitotypes. The mean pairwise differences within random bred cat (5.55 AE 2.7) groups were similar to the level found between groups (5.6 AE 2.7). However, the European and Southeast Asian populations appear distinct and the high level of unique mitotypes in the European sampling suggests that more extensive non-USA data sets for cat mtDNA may be warranted.
Conclusions
The data set for the 402 bp region of the cat mtDNA CR includes 493 random bred cats from the USA, 534 random bred cats from non-USA populations, and 364 representing 26 cat breeds. Thus, this study represents a 6-fold increase in the available samples for comparison in forensic applications. Additionally, this data set has comparable diversity values and random match probabilities to previous studies while extending the use of this region in forensic applications [2] . The analyzed mtDNA region has sufficiently high discriminatory power and low heteroplasmy to warrant global use in forensic applications. The random bred and fancy breed cats from the USA do not appear to have intense sub-structuring. However, they are different from areas abroad, suggesting more robust analyses may need to be considered for non-USA populations. 
